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Abstract

In this paper we report the synthesign vitro anticancer activity, and the
experimental/computational characterization of nagctm of action of a new seriesbfsomers of
triazolo[4,5b/c]pyridin-acrylonitrile derivatives §c-g 7d-¢ 8d-¢ 9c-f, 10d-¢ 11d-6. All new
compounds are endowed with moderate to interestittiproliferative activity against 9 different
cancer cell lines derived from solid and hemataabhuman tumors. Fluorescence-based assays
prove that these molecules interfere with tubulslymerization. Furthermore, isothermal titration
calorimetry (ITC) provides full tubulin/compound nding thermodynamics, thereby ultimately
qualifying and quantifying the interactions of taa@solecular series with the target protein. Lastly,
the analysis based on the tight couplingimfvitro andin silico modelling of the interactions
between tubulin and the title compounds allowsrtippse a molecular rationale for their biological

activity.

Keywords: Triazolo[4,5b/c]pyridin-acrylonitriles, Antiproliferative  activity  Tubulin

polymerization, Molecular modeling, Isothermaldtion calorimetry, Fluorescence-based assays

1. Introduction
Incontrollable cell proliferation constitute the sm for malignant tumor emergence. Various

chemotherapeutic agents can reach different maedatgets affecting the proliferation process.



Among these, structurally complex natural prodstish as paclitaxel, vinblastine, and vincristine
are potent microtubules-targeting drugs [1] wideded in the treatment of cancer. Microtubules are
cytoskeletal polymers that play a key role in tkguiation of processes such as segregation of
chromosomes during mitosis, intracellular transpod cellular shape. Their basic structural unit is
constituted by assembled/disassemhiggitubulin heterodimers in a dynamic system. Specific
binding sites for inhibitors can be identified dre theterodimers [2]. Consequent to this interagtion
inhibitors suppress tubulin dynamic instability anterfere with microtubule functions, including
mitotic spindle formation. This event blocks mitwsind arrests the cell cycle in the G2/M phase,
ultimately leading to apoptosis [3].

Microtubule-targeting agents are classified intoo twategories: 1) molecules binding to the
vinblastine and colchicine binding site and inhiigttubulin assembly are defined as microtubule
destabilizing agents; 2) molecules binding to thbutin paclitaxel-binding site are defined as
microtubule-stabilizing agents [4]. Actually, coicime and its structurally analogues are not used i
clinical settings as they are too toxic at theraipedoses. However, synthetic compounds able to
bind to the colchicine-binding site are currenthdargoing clinical development and evaluation in
patients with a wide array of cancers [5].

Recently we reported the synthesis and evaluasasnéproliferative agents of some benzotriazol-
(2)-yl-3-phenylacrylonitrile derivatives [6, 7], drdemonstrated that this series of compounds act
on the G2/M phase of the cell cycle. This behawas consistent with a possible tubulin binding
activity; accordingly, we confirmed this hypothesising competition experiments in which the
reference compound E{2-(1H-benzof][1,2,3]triazol-1-yl)-3-(benza]][1,3]dioxol-5-
yhacrylonitrile strongly displaced radio labeledlchicine from its tubulin binding site, with andgC
value lower than colchicine itself (0.881 and 1.02uM, respectively) [8].

Molecular modeling studies of the putative bindmgde of this series of compounds on tubulin
further supported this finding [8]. As previouslypserved, substitutions with electron donor (i.e
methyl group) and electro withdrawing (i.e. chi@jrgroups on the phenyl moiety of benzotriazole
did not lead to enhanced activity, unsubstitutedizb&riazole remaining the most promising
scaffold. Actually, with the twofold goal of improng the antiproliferative potency and the
physicochemical properties of these derivativesweelified the main scaffold and substituted the
benzotriazole group with aH3[1,2,3]triazolo[4,5b]pyridine or a B-[1,2,3]triazolo[4,5€]pyridine

moiety.

Indeed, we speculated that the steric hindrancetezkdoy the presence of a bulky group (e.g.,
methyl or chlorine) on the benzotriazole moietylddoe more deleterious to the biological activity

of the resulting compounds than their electroniatdbution. So we decided to preserve an



electron-withdrawing group on this moiety, maintaghat the same time the steric hindrance only
on the other phenyl, to speed up teoevenagel condensation and to obtainE-stereoselective
synthesis, as previously observed [6-9]. For thheasons, we chose to introduce a nitrogen on the
phenyl side of benzotriazole moiety, simultaneowsigluating the relevance of its relative position.
The electron-withdrawing nitrogen in pyridine mak#dse deprotonated intermediate of the
Knoevenagel condensation more stable, affording exclusively the thermodyitaity more stable
E-derivatives. Spectral and analytical data obtaifoedll new compounds are in accordance with

those of the previously described counterparts|[64@d support the assigned chemical structure.

We finally synthesized a series of triazolo[4/B}pyridin-acrylonitrile derivatives, maintaining the
same feature in the heterocyclic moiety, while thieenyl-moiety of the side chain was
functionalized using a variety of groups chosemfithose endowed with the most antiproliferative
activity in the previous series (Br, GHOCHs, 3,4,5(0OCH)s3), or totally substituted with a naphtyl
moiety, as depicted in Figure 1.

Figure 1. General chemical structures for the triazolo[@&pyridin-acrylonitrile derivatives synthesized img work.

All new derivatives were synthesized following ansolidated chemistry [9]. From each
triazolopyridine intermediate1f,b of Scheme 1), we obtained 3 series Bfisomers from
substitution on each of the N atoms (N1-3) of thazble moiety 2-4a,b of Scheme 1). All
compounds were evaluated for antiproliferative\aigtiagainst a panel of cell lines derived from
hematological and solid human tumors. To investigatether the antiproliferative activities of the
synthesized compounds were related to an interaetath tubulin,in vitro inhibition of tubulin
polymerization was determined using a fluorescdrased assay. The preliminary determination of
the dissociation constantqkof the new compounds from tubulin was carried utitro by
fluorescence spectroscopy. The values @aKd the tubulin binding site were then confirmeddil
compounds by isothermal titration calorimetry (IT®inally, a molecular modelling study was

carried out to draw a molecular rationale for theding of these new series of molecules to tubulin.



2. Chemistry

The intermediate compoundHd1,2,3]triazolo[4,5b]pyridine (1a) was commercially available
while the 3H-[1,2,3]triazolo[4,5¢]pyridine (1b) was prepared in good yield via diazotation remacti
with NaNG; starting from the pyridine-3,4-diamine. ThE-8L,2,3]triazolo[4,5b/c]pyridine-1,2,3-
carbonitrile derivatives 2t4a,b) were in turn prepared by nucleophilic substitatieaction of
triazolo derivativesXa,b) with chloroacetonitrile in dimethylformamide (DMkn the presence of
triethylamine (E4N) (Scheme 1), following a procedure reported itadie in our previous work [9].
In particular the yields of the condensation I&f and 1b with chloroacetonitrile afforded the
mixture of compound2-4a, in 78 % in the rati®a (24%),3a (16%),4a (38%); and compounds
4b, in 63 % in the rati@b (19%),3b (16%),4b (28%).
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Scheme 1Synthesis of intermediatd43[1,2,3]triazolo[4,5b/c]pyridine-1,2,3-carbonitrile3-4a,b).

Finally, the synthesis of triazolo[4[8€]pyridin-acrylonitrile derivatives Gc-g 7d-e 8d-e 9c-f,
10d-¢ 11d-¢ was accomplished by Knoevenagel condensationtefmediates2-4a,b) with the
appropriate commercially available aldehyd®s-@), in toluene at reflux in the presence ofNEt
(Scheme 2) [6]. In this new series, between the passible geometric isomerk/Z), E-isomers
were obtained as the sole product. Spectral anijtanah data obtained for all new compounds
were in accordance with those of previously degcriderivatives [6, 11, 12] and supported the

assigned chemical structure.
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Scheme 2 Synthesis of triazolo[4,b/c]pyridin-acrylonitrile derivative$c-g, 7d-e 8d-g 9c-f, 10d-eand11d-e

3. Invitro cell growth inhibition assay

To characterize the tumor cell growth inhibitoryfile of all new synthesized compounis-g 7d-

e, 8d-e 9c-f, 10d-eand11d-g their antiproliferative activity against a pamél9 cell lines derived
from different human tumors was evaluated (Table Arpm these data, a structure-activity
relationship could be established based on theatwami of the position of the pyridine N atom, and
of the nature and position of the substituent Rh@molecular scaffold (Scheme 1). As can be seen
by comparing corresponding data f6r8) and ©-11) molecular series, the position of the pyridine
N atom only marginally affects the activity of thelevant compounds, those belonging to ke
series being slightly more active than the corradpay 9-11 derivatives (e.g., compare Efbe) =

10.3 - 36.8uM and EGp (9¢) = 13.3 — 41.4uM, Table 1). On the contrary, for both compound
series 6-8) and ©-11) the presence of the R substituent either atiposit or 3 of the triazole ring
provides better antiproliferative activity with pest to those carrying R at position 2 in all cell
lines. Thus, taking the HelLa cell line as a prob&ancept, the range of EgEvalues for compound

6d (0.97 uM, Table 1), featuring the substituent R = 4E§H, at position 1, are significantly
lower than those of the corresponding iso@(25.1uM, Table 1), in which the same R locates at
position 2 of the triazole ring. Also, the derivas featuring bulkier Rs at positions 1 of
triazolo[4,5b]pyridine and ]triazolo[4,%]pyridin derivatives, i.e., 2-naphtyb{, EGo = 17.2uM

and 9f, ECsp = 22.2uM) and 3,4,5-(CHO)-CsH, (69, EG5p = 13.8uM) show significantly lower
potency with respect to all other compounds bedgsg sterically hindered groups at the same sites
(Table 1).



Table 1. Half-maximal inhibitory concentration (k&g M) of compounds&-8) and ©-11) in different human cancer

cell lines. EGy values are the means of three independent detationis.

Pos.

‘CCRF-

'LcLc

b d _ en_ g _ h i _
Cpd s R HeLa ‘'DU145 SO MCF-7 °A-427 [ oo% YDAN-G 5637 'HL-60
0.65 0.98 0.76 7.1 1.2 2.1 15.4 1.9 12.2
6e 1 4-Br-GHs 1014 +031 +015 +07 +0.6 +0.4 +2.2 +0.6 +19
0.97 1.4 0.99 10.9 1.6 1.9 18.9 2.2 10.9
Gd L 4CHGH 553 106 048 +21 +0.6 +0.2 +2.1 +0.5 +1.3
ce 1 4-CH;O- 10.3 12.7 7.4 25.6 8.9 10.2 36.8 12.6 27.9
CeHa +12  +22 +06 +13 +04 +10 +23 +18 +20
of 1 oNaphl 172 39.2 15.6 59.8 17.4 17.1 78.3 19.4 68.3
P +19  +£17  #22  £26 +11 +13 +34 +£12 +28
o 1 ((:1"4(';3)'_ 138 158 113 291 116 138 401 125  37.1
9 C3H s +1.4 +15 +1.6 +1.8 +1.0 +1.1 +2.8 +1.1 +1.6
6l 12
25.1 22.4 32.6 48.5 39.6 37.5 88.1 33.1 78.3
do 2 ACHGH: (55 199 £23  +20 +16  +19  +42  +17  +31
26 ) 4-CH,0- 38.6 31.6 33.7 67.8 45.8 51.4 90.6 49.2 69.5
CeH. +25  +1.8 +17 +24 +13 +22 +39 +23 +29
3.3 2.7 1.8 15.4 3.9 2.2 26.7 4.8 31.1
8d 3 4CH-GHi 55 171  £05 +19 +02 +03 +15 +03  £22
ge 3 4-CH;O- 11.1 12.6 8.5 31.0 10.7 12.6 49.8 15.3 49.9
CeHa +13 +14 +09 +23 +18 +15 +20 +12 +24
Pos. b ‘CCRF- ¢ . 'LCLC h i
Cpd R HeLa ‘'DU145 SO MCF-7 °A-427 oo YDAN-G  "5637 'HL-60
1.6 1.2 1.2 8.5 2.8 3.2 20.0 2.9 17.5
9 1 4-Br-GHa +0.8 +0.3 +0.3 +0.4 +0.8 +0.7 +2.6 +0.2 +2.2
2.3 2.8 2.5 14.4 3.5 4.1 19.2 3.3 18.6
od 1 4CHGCH, g5 +0.4 +0.2 +19 +0.6 +0.4 +2.2 +0.4 +2.0
% 1 4-CH,0- 13.1 13.8 9.9 29.5 10.1 12.9 41.4 17.1 32.9
CeHa +16 +1.09 +07 +18 +10 +11 +25 +15 +21
of 1 oNaphw| 222 36.7 22.1 68.6 24.4 27.1 81.5 23.6 70.5
Pyl 414  +15  +18 +22 +13 +17 +29 +17 %22
32.0 33.7 30.2 44.8 41.2 415 90.9 35.2 85.1
10d 2 4CHCH:  ,5s 118  +21 +29 +21 +18 +39 +11  +36
106 2 4-CH;O- 44.1 41.1 43.6 77.3 52.1 57.7 98.8 50.6 72.8
CeHa +27  +22 +20 +27 +28 +30 +31 +21 +31
9.5 8.2 7.8 28.2 9.9 7.5 41.4 10.6 39.3
1d 3 4CHRGHs 19 4116  +03 +21 +11  +09 +18 +12 25
11e 3 4-CH,0- 17.6 15.8 16.3 38.6 17.7 16.9 57.2 20.1 59.3
CeHa +1.7  +1.2 +11 +30 +22 +18 +26 +21 +28
Colchicing 0.027 0.018 0.021 0.061 0.045 0.070 0.059 0.053 0.0086
+0.003 +0.002 +0.003 +0.005 +0.001 +0.005 +0.006 +0.009 =+0.008

®HelLa = ACC-57 (cervix carcinoma®U145 = ACC-261 (prostate carcinom&J;CRF-CEM = ACC-240 (T-cell leukemiaVICF-

7 = ACC-115 (breast adenocarcinonf#:427 = ACC-234 (small cell lung carcinomd)CLC 103H = ACC-384 (large cell lung
carcinoma);°DAN-G = ACC-249 (pancreas carcinomd§637 = ACC-35 (urinary bladder carcinom4)L-60 = ACC-3 (acute
myeloid leukemia)!Colchicine = reference compound.

Within the entire pool of synthesized moleculesnpound6c in which R = 4-Br-GH,4 was found

to be the most potent antiproliferative agent, viathso values in the range 0.65-15u8/ towards



all cell lines. In detail, compoun@c inhibited the growth of HelLa cells with a half-nizal
inhibitory concentration Ef = 0.65 £ 0.14uM (Figure 2A). Similarly, inhibition of DU145 and
CCRF-CEM cell growth was achieved by the same camg@gavith EGp of 0.98 + 0.31 and 0.76 £
0.15 uM, respectively. Good antiproliferative activityrf@c was also observed against breast
(MCF-7), small (A-427)/non small (LCLC 103H) celldg, and urinary bladder (5637) carcinoma
cell lines (Table 1), whilst moderate activity (D uM) was recorded in the case of acute myeloid

leukemia (HL-60) and pancreatic carcinoma celldi{BAN-G, Figure 2B).

Figure 2. CompoundoC inhibition of proliferation of HeLa (A) and DAN-GB) cells.
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Nonspecific cytotoxicity of anticancer drugs maynsttute a major obstacle in cancer
chemotherapy. Accordingly, we also preliminarilytetenined the effect of the two most promising
compounds6c and6d, on the proliferation activity of three normalldeies (i.e., human peripheral
mononuclear blood cells (HPMBC), human pulmonatydblasts (HPF), and human prostate
epithelial cells (HPEC), Table S1). Comparison lé relevant E§ values with those of the
pertinent malignant cell lines (Table 1) revealatthoth compounds are endowed - on average —

with substantial less normal cell cytotoxicity (885 x for HPEC, 14-17 x for HPF, and 40-55 x
for HPEC, respectively).

4. In vitro tubulin polymerization assay

To investigate whether the antiproliferative ad¢ies of compounds(8) and 9-11) were related to
an interaction with tubulin, they were assayedtf@ir inhibitory effects on tubulin polymerization
(ITP) in vitro using a fluorescence-based tubulin polymerizaéissay. As shown in Figure 3, the

hit compound6c was able to inhibit the rate and extent of tubw@gsembly in a concentration-

dependent manner, the half-maximal inhibition (I08) occurring at 17.2 + 0.AM.

Figure 3. (A) Invitro concentration-dependent inhibition of tubulin pubrization by compounéic (ITP ICs, = 17.2 =
0.9 uM). Symbol legend:®, O uM; ®m, 5 pM; A, 10 uM; &, 15 pM; O, 20 uM; O, 30 pM; A, 40 uM. (B)



Determination obc ITP IG5, value by sigmoidal fitting of steady state levelsubulin assembly from panel A vs. drug
concentration. Three independent sets of expersneere performed; however, only one of the setshiswn for
clarity.
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Compound$d was also found to inhibit tubulin assembly withl@R 1Cso of 23.9 + 1.2uM. In the
(9-11) series, only compoun@c was endowed with appreciable tubulin depolymeionaactivity,
with ITP 1Cso = 29.1 + 1.5uM. Under similar conditions, four reference compdsin colchicine,
nocodazole, podophyllotoxin, and vinblastine selfat exhibited significantly more potent
microtubule depolymerization activity, with ITP 4&of 1.32 + 0.23, 0.81 £ 0.07, 0.26 + 0.09, and
0.15 + 0.07uM, respectively. Accordingly, compoun@s, 6d, and9c can be classified as moderate
tubulin polymerization inhibitors. Of note, we obge that the determined concentrations required
to inhibit tubulin polymerization by these threexq@ounds are much higher than those required for
cytotoxicity, a phenomenon however well documeretthe literature [see, for instance, 13-16].

All other compounds had ITP gvalues > 3QuM; as such, they were regarded to have only weak
activity as inhibitors of tubulin polymerization.

Tubulin polymerization inhibitors usually interfength the G2/M phase of the cell cycle by altering
the dynamics of tubulin polymerization, ultimateglyggering cell death via apoptotic pathways.
Therefore, we considered interesting to study ffexeexerted by the two lead compoun@sand

6d, on cell cycle progression by flow cytometry expemts (Figure S2). The results show that
untreated (control) prostate carcinoma cells DUldken as a proof-of-concept, distributed in the
Sub-G1 (8.7%), GO/G1 (78%), S (3.6%), and G2/M ¥®.5phase. On the other hand, both
compounds arrested most of the cells in the G2/Msph(71.1% and 69.3% fd&c and 6d,
respectively, Figure S2). Collectively, these resware consistent with the indication that these

molecules can act as efficient mitotic blockers.



5. Preliminary determination of the dissociation consant of compounds 6c¢ to tubulin in vitro

by fluorescence spectroscopy
According to the results presented abd@was able to prevent the assembly of tubulin witR |
ECso < 20 uM. Therefore, we performed a preliminary invediiga to determine whethesc
directly interacted with tubulin. Compould quenched the tryptophan fluorescence of tubulia in
concentration-dependent fashion, thereby confirnthrgy interaction between the small molecule

and the protein (Figure 4A).

Figure 4. (A) Quenching of intrinsic tryptophan fluorescerafetubulin by different concnetrations of compousl
Symbol legend®, O uM; ®m, 5uM; A, 10uM; &, 15uM; O, 20uM; O, 30uM; A, 40 uM. Tubulin concentration =
2 uM. (B) Differential change in fluorescence integsitf tubulin upon binding of compourt. Three independent
sets of experiments were performed; however, ong/af the sets is shown for clarity.
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The dissociation constant {Kof compound6c from tubulin - obtained by fitting the maximum
tubulin fluorescence intensity change as a functiboompound concentration (Figure 4B) - was
found to be equal to 19.6 £ 1)0M. Based on this preliminary information and witte ttwofold

purpose of obtaining 1) accuratey Kalues for all compounds and 2) a full thermodyitam
characterization of compound/tubulin interactiomsdi§pensible for validation of the modeling

resultsvideinfra), further binding studies were conducted by ITC.

6. Determination of the dissociation constant and tublin binding site of compounds(6-8)
and (9-11) by Isothermal Titration Calorimetry (ITC)
In order to investigate the tubulin binding affieg of all -8) and ©-11) compounds in detail,
thermodynamic studies were conducted using isotaletitnation calorimetry (ITC). The averaged
dissociation constant ¢ binding free energyAGy), enthalpy AHy) and entropy terms (ASy)
resulting from three independent ITC measurememtsach compound are listed in Table 2, while
Figure 5 displays some representative ITC resuidts fating curves for compounds belonging to
both ©-8) and ©-11) series.



Table 2. ITC determined thermodynamic data of compouréd8)(and 9-11) binding to tubulin. AG, = AH, —TAS,.

AGp = RT InKg. n = number of binding site. All experiments weua in triplicate. Errors onH, are within 5%.

Cpd P'\cl)s ' R Kg (UM)  AG, (kcal/mol) AH, (kcal/mol) (k(;?/%ol) n(-)

6¢C 1 4-Br-GH, 16.4 -6.75 -9.21 2.46 0.98
6d 1 4-CH-CgH, 22.0 -6.57 -8.96 2.39 1.00
6e 1 4-CHO-CsH, 192 -5.24 -7.35 2.11 0.95
of 1 2-Naphtyl 385 -4.82 -6.87 2.05 0.97
69 1 3,4,5-(CHO)s-CeH, 241 -5.10 -7.16 2.06 1.01
7d 2 4-CH-CsH, 581 -4.56 -6.81 2.25 0.96
Te 2 4-CH0-CH, 763 -4.40 -6.75 2.35 1.02
8d 3 4-CH-CgH, 58.4 -5.97 -7.84 1.87 0.98
8e 3 4-CH0-CH, 217 -5.17 -7.23 2.06 0.99
Cpd P'\cl)s ' R Kg (UM)  AG, (kcal/mol) AH, (kcal/mol) (k(;?/%ol) n(-)

9c 1 4-Br-GsH, 33.9 -6.30 -8.63 2.33 1.00
9d 1 4-CH-CeH, 64.5 -5.91 -7.79 1.88 0.97
9e 1 4-CHO-CGH4 246 -5.09 -7.13 2.03 0.97
9g 1 2-Naphtyl 376 -4.83 -6.91 2.08 0.96
10d 2 4-CH-CgHy 554 -4.59 -6.75 2.16 1.03
10e 2 4-CH0-CH, 749 -4.41 -6.59 2.18 0.99
11d 3 4-CH-CgH, 175 -5.29 -7.41 2.12 0.95
1lle 3 4-CHO-CGH4 283 -5.00 -6.98 1.98 0.98
colchicine 0.058 -10.21 -11.80 1.59 1.01

Figure 5. Representative ITC binding isotherms & (A), 6f (B), 7e (C), 9¢ (D), 9f (E), and10e (F) titrations into

tubulin solutions. Panel A, insert: example of If&@v data.

keal/mol of injectant

0

-2

2
uoT
ozl

Foel
7
o8t

08

W= 0w @ W
Time {rmin)

2 3

Molar ratio

-0.2F

-0.4r

06+

kcal/mol of injectant

-0.8+F

-1.0
0

0.0

T

0.0

Molar ratio

E 0.1
3
= -0.2F (]
(= . e ®
E -0.3+ 2 °®
© °®
£ o4l "
o®®
-0.5 ; .
3 0 1 2
Molar ratio




kcal/mol of injectant

Molar ratio

kcal/mol of injectant

0.0

-0.21

04}

061

-0.81

Molar ratio

kcal/mol of injectant

0.0

01
-0.2F
03}
-0.4r

-0.5
0

Molar ratio

For the two series of compounds, the interactioth wibulin resulted in an exothermic ligand-
binding event, with K values in the range 16.4 - 7@® and 33.6 - 749M for the 6-8) and ©-

11) compounds, respectively. Importantly, the ITChded Ky value for compounéc (16.4uM) is
nicely in agreement with the value obtained from ¢brresponding tubulin fluorescence quenching
experiment (19.6 + 1.aM). Generally speaking, the tubulin-compound bigdia driven by the
simultaneous participation of stabilizing van dead$ and hydrophobic interactiorSH, < 0),
while entropy slightly disfavor complex formatiolAS, > 0). The conformational entropy change
is commonly unfavorable in protein-ligand bindingert, as the binding process involves the loss
of configurational degrees of freedom for both tlieg molecule and the protein, resulting in an
ultimate negative change in conformational entrdpgwever, the presence of the planar bicyclic
scaffold characterizing all present compounds asrdedegree of overall molecular rigidity, which
reflects only in a confined, unfavorable entropaoittibution to ligand binding.

The last row in Table 2 shows the binding thermauahyic parameters for colchicine, used as a
reference compound. The corresponding/&ue of 58 nM, in line with previous findings,rdom

that all titte compounds were consistently weakantcolchicine in their interaction with tubulin.

To understand whether the cytotoxic effect of thespnt §-8) and ©-11) derivatives is dependent
on their antimicrotubule activity, we next examinéte relationship between they Kalues
determined by the ITC tubulin binding assay andsdgE@lues in the cell-based assays. Since
cytotoxicity tests were performed on 9 differenintan tumor cell lines, for the purpose of this
comparison a single Eg,y value, corresponding to half-maximal inhibitoryncentration value
averaged over all cell lines, was employed. As showFigure 6, the resulting averagedgs@s. Ky

plot show a highly positive correlation {R 0.980), suggesting a strong correlation betwée8) (
and ©-11) compounds tubulin binding and cytotoxic potenthierefore, we could conclude that
the cytotoxic activity of both 6-8) and ©-11) derivatives is largely attributed to their

antimicrotubule action.



Figure 6. Correlation between tubilin binding activity {Kand average cytotoxic activity (E£z) of compound$6-8)
(@) and(9-11) (A).
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Microtubule-destabilizing compounds often bind tlilbiby nesting into specific binding sites. In a
previous work [8] we assessed the capability okrdes of related compounds to compete with
colchicine or paclitaxel for binding to tubulin bgsorting to a competitive scintillation proximity
assay. According to that study [8], we found thlabse compounds competitively inhibited
[*H]colchicine binding to biotinylated tubulin whikkey did not compete witt’Hi]paclitaxel. In
this work, however, we resorted again to ITC tonexe whether the present compounds do
compete either with colchicine or paclitaxel foethespective binding sites. With respect to the
competitive scintillation proximity assay, the ITéased experiments offers several advantages,
including a clear determination of eventual bindisite competition and, above all, to avoid
working with radioligands.

Accordingly, we investigated the binding of compdugt to purified tubulin in the presence of
colchicine or paclitaxel using ITC. Panel A of Figu7 shows the typical exothermic profiles
obtained for tubulin titration bgc at 37°C either in the presence of colchicine kHilack data) or

in the presence of paclitaxel (light gray data)gufé 7 B shows the corresponding binding
isotherms, i.e. the integrated heats of reactioa asction of thescd/tubulin molar ratio, in these

two conditions.

Figure 7. A: ITC raw data obtained by titratir@g into a solution containing tubulin in the presenéeolchicine (thick
black curve) or paclitaxel (light gray curve). Rireesponding integrated heats of reaction in tlesgmce of colchicine

(m) or in the presence of paclitax@)
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As can be easily seen from Figure 7B, in the preseai colchicine the tubulin binding 6k is
completely abrogated. Colchicine is a very tighbulin binder, with Ky = 58 nM (Table 2).
Accordingly,6¢ (Kq = 16.4uM) it is not able to displace colchicine from itgoulin binding site, as
expected. Moreover, the fact that the titratiorthaf tubulin-colchicine complex witéc returned a
completely flat curve is a clear indication thapon saturation of all tubulin binding sites by
colchicine,6c¢ is no longer able to interact with the proteim,,i6¢ binds tubulin at the colchicine
binding site. On the contrary, the binding isothewsulting from the titration of tubulin byc in
the presence of paclitaxel (Figure 6B, circlespiactically coincident with that obtained in its
absence (Figure 4A). Accordinglgc does not interact with tubulin by binding at thacltaxel
binding pocket.

7. Molecular modeling rationale for the binding of conpounds (6-8) and (9-11) to tubulin

In order to determine the structural basis of ti@olical results discussed above, the binding
ability of the synthesized compounds to the coldeidinding site ofy,3-tubulin was investigated
using a consolidated molecular modeling procedwasetd on the combination of docking and
Molecular Mechanics/Poisson-Boltzmann Surface A{eEM/PBSA)-based scoring techniques.
Specifically, for this analysis we considered assilof 3 compounds for each series, narfe|f,

7e 9c, 9f, and10e as representative of strong, moderate, and waaklih binders, respectively
(Table 2 and Figure 5). Table 3 reports the resflthisin silico analysis. As seen by comparing
the entries in Tables 2 and 3, all ligands areemhy ranked for affinity, the magnitudes of the
calculatedAGy, caic (and of the correspondingskag values being in excellent agreement with those

determined experimentally.

Table 3.1n silico binding thermodynamics of a subset of compouBel) @nd 9-11) on human tubulin. The calculated

value for colchicine is also reported for companiso

Cpd Pos."N" R Kd,caic (MM) AGy cac (kcal/mol)  AHy cac (kcal/mol) — TAS, cqc (kcal/mol)
6¢C 1 4-Br-GH,4 17.8 -6.70 £ 0.27 -23.07+£0.15 16.37 £ 0.23
6f 1 2-Naphtyl 371 -4.84 £0.24 -18.88 £ 0.11 14.08.21

7e 2 4-CH0-CH,4 635 -4.51+0.23 -18.09 +0.13 13.58 £0.19



Cpd Pos."N" R Kd,calc (MM) AGy caic(kcal/mol)  AHp cac(kcal/mol)  TAS, carc (kcal/mol)

9c 1 4-Br-GH,4 37.3 -6.24 +0.19 -22.16 £ 0.12 15.92+ 0.15

of 1 2-Naphtyl 436 -4.74 £ 0.26 -18.57 +0.13 13.8323

10e 2 4-CH0-GH,4 798 -4.37 £0.25 -17.23+0.11 12.86 +0.22
colchicine 0.067 -10.12+ 0.22 -24.11+£0.12 13.99+0.18

It is interesting to observe that, with respedhi® experimental values (Table 2), batf, cacand —
TAS cac @re substantially overestimated by the MM/PBSAcuialtions (Table 3); yet, since a
parallel shift is observed between experimental @mdputedAH and —TAS, (see Figure S1) their
difference (i.e.AGp cad IS uUltimately close to the relevant experimentdle AGy).

Concerning the binding mode of these new acrylbmitferivatives, it has to be noticed that all
compounds are provided with the chemical functiggiired for mapping the 3D pharmacophore
model previously developed for tubulin inhibitorgwa similar scaffold [8]. Indeed, taking the new
lead compoundc as a meaningful example, all pharmacophore elesyamild be easily fitted by
the proper molecular features, as shown in Figuke 8pecifically, thetriazolopyridinyl ring
matches both the hydrophobic aromatic (HYAr) and fiist hydrogen bond acceptor (HBA)
features, while the cyano nitrogen atom overlays second HBA. Finally, the 4-BrgB4enyl
substituent maps the ring aromatic (RA) featureesenting the aromatic ring in the proper

conformation to optimize this molecular requirem@figure 8A).

Figure 8. A: Mapping of compoundc onto the 3D pharmacophore model developed focttrally-related tubulin
inhibitors [8]. The 3D pharmacophoric hypothesiatfees are portrayed as meshed spheres, color-asdémllows:
light green, HBA; light blue, HYAr; light orange,AR Compoundéc is shown as atom-colored sticks-and-balls (gray,
C; blue, N; dark red, Br; white, H). Bquilibrated MD snapshots of tubuld@ complex. The image is a zoomed view
of the binding site. The ligand is portrayed apamel A, while the protein residues mainly involiedhe interaction
with 6c¢ are highlighted as colored sticks and labelledhares interactions are shown as dotted black lidgdrogen

atoms, water molecules, and ions are omitted fmitgl
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HBA

HBA




Our Molecular Dynamics (MD) simulations that allalves to give a precise description of the
binding mode of these new compounds have confirtiesl interactions pattern. In fact, its
combination with the relevant per-residue decontmosianalysis of the binding enthalpfH;ed

provided both the identification of the tubulin icekges mainly involved in ligand binding and the

nature underlying each specific interaction (FigiBeand Figure 9A).

Figure 9. A: Comparison of the per-residue binding enthatlecomposition £H,.9) for compoundsc and 7e in
complex with tubulin. Only those amino acids catidor the binding are shown. Buperposition of equilibrated
binding pose o6c¢ (purple) and’e (red) in the tubulin binding cavity.

0.5

6¢ 7e

0.0

-0.5 e

AH,, (kcal/mol)
>

-20 -

A N B

25

\"’3\“%9@ R RN e
FIIVFIFIITRRY FOIXFIFIRXTLQ

As can be seen in Figure 8B, thébromophenyl ring of6c is perfectly encased in the protein
binding pocket lined by residu@&242, 3L248, 3A250, 1252, K254 andB3L255, and the deriving
hydrophobic stabilizing interactions provided anemll contribution of -5.01 kcal/mol to the
binding (Figure 9A). Furthermore, the donor guamiglin group of3K352 on the receptor finds its
acceptor counterpart in the triazole N3 of thehitbr, forming a persistent hydrogen bond (average
dynamic distances (ADL) = 2.1 + 0.1 A) which yieldscorresponding stabilizing contribution of
AHes = -2.26 kcal/mol. The triazolepyridinyl moiety ismbedded in a hydrophobic pocket
consisting of the side chains aA180, aV181, V257, M259, andBV351 which all concur to
foster a network of hydrophobic interactions whle tigands Y AH,es = -2.77 kcal/mol, Figure 9A).
Finally, the cyano N atom is engaged in a permahgaitogen bond with the hydroxyl group of the
side chain ofT314 (ADL = 2.3 + 0.2 A:AH,es = -1.98 kcal/mol).

The same analysis applied to the other tested cong®p allowed us to confirm the structure-
activity relationship proposed above (based onithdétro results), and the related experimental
data. First, all compounds demonstrated similadibgy modes within the same tubulin binding
pocket, the position of the substituted acrylold@tmoiety with respect to the triazolpyridinyl ring

(N1, N2, or N3) modulating their protein bindingfiaity. Indeed, compounds featuring



substitutions at the N1 position are endowed whth highest tubulin affinity; yet, substitutions at
position N3 is also well tolerated, the pyridindrogen atom not being involved in any specific
interaction. On the other hand, compound (taken as a representative example of the N2
substituted derivatives) exhibits a substantialbyvdr affinity compared to e.g6c, as the
conformation it assumes in the tubulin binding gfégure 9B) does not satisfy all molecular
determinants requested by the pharmacophore m@getifically, the orientation of the chemical
groups of7einvolved in hydrogen bonds with tubulin resid#@814 and3K352 leads to a weaker
interactions both in terms of dynamics stabilitydlA= 2.8 + 0.1 A and ADL = 2.7 + 0.3 A for
BT314 andPK352, respectively) and enthalpic contributionH3T315 = -1.55 kcal/mol and
AHPK252 = -1.77 kcal/mol, Figure 9A). This, in turnpchlly reflects into a sub-optimal
encasement ofe in both protein hydrophobic pockets (thereby r@sglinto a lower stabilization
energy of the protein residues directly involvedsunch specific interactions (Figure 9A), and

globally into a less favorableGy, ¢ac value for this molecule (Table 3).

8. Conclusions

In this work we presented the synthesis andtro anticancer activity of a new seriesebfsomers

of triazolo[4,5b/c]pyridin-acrylonitrile derivatives Gc-g 7d-¢ 8d-e 9c-f, 10d-¢ 11d-e. All
compounds were found to exert moderate to intergstntiproliferative activities against 9
different cancel cell lines derived from solid ameimatological human tumors. Fluorescence-based
assays proved that these molecules interfere wihhlin polymerization, and isothermal titration
calorimetry led to full tubulin/compound bindingettmodynamics determination (i.e.q,KAGp,
AHp, and TAS; values). Coupling all experimental information lwih silico modelling of the
interactions between tubulin and the title compaualiowed to conclude that the position of the
pyridine nitrogen atom does not exert a significafitence on their binding affinity toward their
target protein. On the contrary, the position @& tifferent R substituents on the three N atoms of
the triazole ring is the major molecular determinfam the biological activity of these molecules,
the N1 and N3 position leading to more potent commgs with respect to those presenting the

same Rs at the N2 position.

9. Experimental section

9.1. Synthetic methods

Melting points were determined by a Kofler hot stag Digital Electrothermal apparatus, and are
uncorrected’H and**C-NMR spectra were recorded on a Varian XL-200 amd Bruker Avance

[l 400 NanoBay instruments, using TGC-MS as intérstandard. The chemical shift values are



reported in ppmd) and coupling constantg)(in Hertz {Hz). Signal multiplicities are represented
by: s (singlet), d (doublet) and m (multiplet). &3 spectra were performed on combined HP
5790 GC/MS and on a triple quadrupole (API 2000pligal Biosystem MDS SCIEX) apparatuses.
Column chromatography was performed using 230-488silica gel (Merck silica gel 60). Light
petroleum refers to the fraction with b.p. 40-6Q T@e analytical results for C, H, N and chlorine

were within 0.4% of the theoretical values.

9.1.1. Starting materials, intermediates and knowrtompounds

3H-[1,2,3]triazolo[4,5b]pyridine  (1a), 3,4-diaminopyridine, aldehydes, 2-chloroacetirit
triethylamine, acetic acid, organic solvents andrganic reagents were commercially available.
3H-[1,2,3]triazolo[4,5€]pyridine (1b) was prepared following a consolidated procedli®g. [

9.1.1.1. $-[1,2,3]triazolo[4,5-]pyridine (1b). Yield: 83%. M.p.: 81 °C*H-NMR (DMSO-a): &
9.47(s, 1H, CH-4); 8.47(d, 1H, CH-J = 8H2); 7.88 (d,1H, CH-6) = 4.2Hz). *C-NMR (CDC}):

§ 143.21 (C), 141.72 (CH), 138.56 (CH), 128.34 (©)1.45 (CH). GC/MS: 121 (M+H). Anal.
Calcd for (GH4N4): C, 50.00; H, 3.36; N, 46.65. Found: C, 49.923t27; N, 46.72.

9.1.2. General procedure for the preparation of thentermediates 2a-b, 3a-b, 4a-b.

2 g (16.6 mmol) of the appropriatélgd1,2,3]triazolo[4,5b/c]pyridine (1a,b) were dissolved in 20
ml of dimethylformamide (DMF). 1.95 g (19.4 mmol}p8 ml of triethylamine and 2 g (26.5 mmol)
1.69 ml of chloroacetonitrile were added to theulasit solution. The whole mixture was heated
under reflux for 12 h. After cooling, the triethgigne hydrochloride formed was filtered, and the
solution was evaporated to dryness. The residussollied in ether, was washes with water.
Through evaporation of the extract, a residue d¢om@g the three isomer2-4a or 2-4b was
obtained. Isomers were separated by flash chromagibg, elution with light petroleum-ethyl

acetate 80:20 afforded desired compounds.

9.1.2.1. $-[1,2,3]triazolo[4,5-b]pyridine-3-carbonitrile (2a). Yield: 24%. M.p.: 56.8-57 °CH-
NMR (DMSO-d&;): 6 8.86 (d, 1H, CH-5J = 4.0H2); 8.66 (d, 1H, CH-7J = 8.8H2); 7.61 (m, 1H,
CH-6); 6.14 (s, 2H, Ch. *C-NMR (CDC}): § 151.53 (CH); 144.76 (C); 136.18 (C); 129.18 (CH);
120.96 (CH); 114.73 (C); 34. 27 (GHGC/MS: 146 (M+H). Anal. Calcd for ¢Ei3Ns): C, 49.66;
H, 2.08; N, 48.26. Found: C, 49.56; H, 2.19; N 248.

9.1.2.2. M-[1,2,3]triazolo[4,5b]pyridine-2-carbonitrile (3a). Yield: 16%. M.p.: 98.6-100 °CH-
NMR (DMSO-d&): 6 8.89 (d, 1H, CH-5J) = 4.0H2); 8.53 (d, 1H, CH-7) = 8.8H2); 7.61-7.55 (m,



1H, CH-6); 6.34 (s, 2H, CHl. *C-NMR (CDCE): 6 155.15 (C); 153.21 (CH); 128.01 (C); 136.52
(C); 127.57 (CH); 123.41(CH); 114.06 (C); 44.57 (EHSC/MS: 146 (M+H). Anal. Calcd for
(CsH3Ns): C, 49.66; H, 2.08; N, 48.26. Found: C, 49.612H0; N, 48.18.

9.1,2,3. H-[1,2,3]triazolo[4,5-b]pyridine-1-carbonitrile (4a). Yield: 38%. M.p.: 160-160.5 °C.
'H-NMR (DMSO-d): 5 8.80 (d, 1H, CH-5) = 4 Hz); 8.50 (d, 1H, CH-7) = 8.4); 7.74-7.70 (m,
1H, CH-6); 6.22 (s, 2H, CHL. **C-NMR (CDC}): & 156.54 (C); 148.89 (CH); 125.16 (C); 123.30
(CH); 120.12 (CH); 114.79 (C); 36.38 (@HGC/MS: 146 (M+H). Anal. Calcd for @Ei3Ns): C,
49.66; H, 2.08; N, 48.26. Found: C, 49.59; H, 2M548.24.

9.1.2.4. $-[1,2,3]triazolo[4,5-c]pyridine-3-carbonitrile (2b). Yield: 19%. M.p.: 70-71 °CH-
NMR (DMSO-d): & 9.50 (s, 1H, CH-4); 8.59 (d, 1H, CH-4 = 2.8H2); 8.17 (d, 1H, CH-6) =
6H2); 6.30 (s, 2H, Ch). *C-NMR (DMSO0):$ 148.26 (C); 142.51 (CH); 136.06 (CH); 129.57 (C);
114.70 (C); 112.90 (CH); 36.49 (GHGC/MS: 146 (M + H). Anal. Calcd for E3Ns): C, 49.66;

H, 2.08; N, 48.26. Found: C, 49.61; H, 2.10; N 248.

9.1.2.5. M-[1,2,3]triazolo[4,5<]pyridine-2-carbonitrile (3b). Yield: 16%. M.p.: 99-100 °C'H-
NMR (DMSO-d): & 9.58 (s, 1H, CH-4); 8.51 (d, 1H, CH-¥= 6 HZ); 7.98 (d, 1H, CH-6J = 6H2);
6.41 (s, 2H, Ch). **C-NMR (DMSO0):5 146.14 (C); 145.61 (CH); 143.21 (CH); 141.22 (€)3.91
(C); 111.59 (CH); 44.55 (ChL GC/MS: 146 (M + H). Anal. Calcd for ¢EisNs): C, 49.66; H, 2.08;
N, 48.26. Found: C, 49.65; H, 2.03; N, 48.26.

9.1.2.6. H-[1,2,3]triazolo[4,5-C]pyridine-1-carbonitrile (4b). Yield: 28%. M.p.: 80-81 °C!H-
NMR (DMSO-d;): 6 9.56 (s, 1H, CH-4); 8.68 (d, 1H, CH-J= 5.8H2); 8.01 (d, 1H, CH-&) =
4.6H2); 6.21(s, 2H, Ch). *C-NMR (DMSO0): 145.39 (CH); 144.16 (CH); 142.30 (C); 136.10 (C);
114.73 (C); 105.30 (CH); 33.51 (GHGC/MS: 146 (M + H). Anal. Calcd for ¢E3Ns): C, 49.66;
H, 2.08; N, 48.26. Found: C, 49.62; H, 2.04; N 348.

9.1.3. General procedure for the preparation of [2,3]triazolo[4,5-b/c]pyridin-acrylonitrile
derivatives.

To a solution of appropriate triazolo[4bEe]pyridine-carbonitrile 2a-b, 3a-b, 4a-b) (1.4 mmol)
and EtN (4.0 mmol) in toluene (5 mL) stirred at room tesrgture, a solution of a selected
aldehydesc-g (14 mmol) in the same solvent (3 mL) was addeg avise. The whole mixture was
finally heated under reflux for 24 h. the solutisvas evaporated to obtain a crude residue
containing a mixture of three E-isomers. The desoc@npounds were obtained by chromatography
on silica gel column using light petroleum-ethyétate as eluent.

9.1.3.1. E)-2-(1H-[1,2,3]triazolo[4,5b]pyridin-1-yl)-3-(4-bromophenyl)acrylonitrile  (6c).
Yield: 53%. M.p.: 174-175 °C*H-NMR (CDCL): & 8.87 (d, 1H, CH-5] = 4.4Hz); 8.38 (d, 1H,



CH-7,J=8.0H2), 8.04 (s, 1H, CH); 7.80 (d, 2H, CH-@&, J= 3.8H2); 7.70 (d, 2H, CH-35,J =
3.8H2z); 7.61 (m, 1H, CH-6)"*C-NMR (CDCE): & 157.85 (C); 149.31 (CH); 138.98 (CH); 132.83
(2 CH); 130.99 (2 CH); 129.09 (C); 127.02 (C); 2(C); 123.65 (CH); 119.45 (CH); 113.16 (C),
106.68 (C). GC/MS: 326 (M+H). Anal. Calcd for 1(EsBrNs): C, 51.56; H, 2.47; Br, 24.50.
Found: C, 51.60; H, 2.51; Br, 24.47.

5.1.3.2. E)-2-(1H-[1,2,3]triazolo[4,5-b]pyridin-1-yl)-3-( p-tolyl)acrylonitrile (6d). Yield: 53%.
M.p. = 111-112 °C*H-NMR (DMSO-d): & 8.86 (d, 1H, CH-5J = 4.4Hz); 8.60 (d, 1H, CH-7J =
8.0H2), 8.27 (s, 1H, CH=); 7.91 (d, 2H, CH-2',8'= 7.8H2); 7.78 (m, 1H, CH-6); 7.45 (d, 2H,
CH-3,5, J = 7.8H2); 2.49 (s, 3H, Ch). **C-NMR (CDCk): § 157.76 (C); 149.16 (CH); 144.82
(C); 143.48 (CH); 130.21 (2 CH); 129.86 (2 CH); 42/ (C); 124.33 (C); 123.46 (CH); 119.45
(CH); 113.69 (C); 105.02 (C); 21.65 (@HGC/MS: 262 (M+H). Anal. Calcd for (@H1iNs): C,
68.95; H, 4.24; N, 26.80. Found: C, 68.99; H, 412626.78.

9.1.3.3. E)-2-(1H-[1,2,3]triazolo[4,5b]pyridin-1-yl)-3-(4-methoxyphenyl)acrylonitrile  (6e).
Yield: 35%. M.p. = 65.5-66 °C-H-NMR (DMSO-d): ¢ 8.86 (d, 1H, CH-5J = 4.0 H2); 8.58 (d,
1H, CH-7,J = 8.0H2), 8.23 (s, 1H, CH=); 7.80 (d, 2H, CH-2',8'= 4.2H2); 7.76 (m, 1H, CH-6);
7.20 (d, 2H, CH-35, J = 4.2 Hz); 7.18 (m, 1H, CH,) =4.2 H2); 3.88 (s, 3H, Ch); *C-NMR
(CDCl): 6 162.99 (C); 149.36 (CH); 141.29 (CH); 132.29 (2)C181.71 (C); 124.40 (C); 123.25
(CH); 122.73 (C); 119.65 (CH); 115.27 (2 CH); 1B1(C); 103.22 (C); 55.64 (G GC/MS: 278
(M+H). Anal. Calcd for (GsH11NsO): C, 64.97; H, 4.00; N, 25.26. Found: C, 65.00;4:03; N,
25.24.

9.1.3.4. E)-2-(1H-[1,2,3]triazolo[4,5b]pyridin-1-yl)-3-(naphthalen-2-yl)acrylonitrile  (6f).
Yield: 20%. M.p.: 186-187 °C'H-NMR (CDCk): & 8.87 (d, 1H, CH-5) = 2.0Hz2); 8.41 (d, 1H,
CH-7,J = 4.2H32); 8.34 (s, 1H, CH); 8.22 (s, 1H, CH)}28.11 (d, 1H, CH-§; 8.01-7.91 (m, 3H,
napht); 7.66-7.60 (m, 3H, H-6 + 2H napht®C-NMR (CDCk): § 157.85 (C); 149.24 (CH); 140.89
(CH); 134.88 (C); 132.90 (C); 132.17 (CH); 129.@H); 128.99 (CH); 128.64 (CH); 128.23 (CH);
127.96 (CH); 127.67 (C); 127.39 (CH); 125.30 (C2449 (CH); 123.54 (CH); 119.53 (CH);
113.69 (C); 105.93 (C). GC/MS: 298 (M+H). Anal. €alfor (GgH1iNs): C, 72.72; H, 3.73; N,
23.56. Found: C, 72.69; H, 3.88; N, 23.61.

9.1.3.5. E)-2-(1H-[1,2,3]triazolo[4,5-b]pyridin-1-yl)-3-(3,4,5-trimethoxyphenyl)acrylonitr ile
(69). Yield: 35%. M.p.: 158-159 °C"H-NMR (CDCk): 6 8.78 (d, 1H, CH-5J = 8.4Hz); 8.36 (d,
1H, CH-7,J = 8.4H2), 7.97 (s, 1H, CH); 7.61 (m, 1H, CH-6); 7.27 (s, TH-2,5); 3.97 (s, 3H,
CHs); 3.96 (s, 6H, 2 Ck. **C-NMR (CDCk): 6 157.72 (C); 153.56 (2 C); 149.19 (CH); 141.88
(C); 141.22 (CH); 125.24 (C); 124.35 (C); 123.5HjC119.44 (CH); 113.88 (C); 107.55 (2 CH);



104.83 (C); 61.15 (C¥); 56.36 (2 CH). GC/MS: 338 (M+H). Anal. Calcd for (@H15NsO3): C,
60.53; H, 4.48; N, 20.76. Found: C, 60.57; H, 418120.74.

9.1.3.6. E)-2-(2H-[1,2,3]triazolo[4,5-b]pyridin-2-yl)-3-( p-tolyl)acrylonitrile (7d) . Yield: 26 %.
M.p.: 200-201 °C!H-NMR (CDCk): & 8.89 (d, 1H, CH-5) = 2.6 Hz); 8.61 (s, 1H, CH); 8.31 (d,
1H, CH-7,J = 8.6H2); 7.91 (d, 2H, CH-26, J = 8.8H2); 7.44-7.43 (m, 1H, CH-6); 7.34 (d, 2H,
CH-3,5, J = 8.8H2); 2.45 (s, 3H, Ch). *C-NMR (CDC}): 5 155.61 (C); 153.84 (CH); 143.62 (2
C); 138.89 (CH); 137.53 (C); 130.36 (2 CH); 130(29CH); 127.32 (CH); 123.47 (CH); 112.82
(C); 111.15 (C); 21.80 (CHL GC/MS: 262 (M+H). Anal. Calcd for (@H11Ns): C, 68.95; H, 4.24;
N, 26.80. Found: C, 68.99; H, 4.20; N, 26.83.

9.1.3.7. E)-2-(2H-[1,2,3]triazolo[4,5b]pyridin-2-yl)-3-(4-methoxyphenyl)acrylonitrile  (7e).
Yield: 27 %. M.P.: 160-162 °CH-NMR (DMSO-d;): & 8.93 (d, 1H, CH-5) = 2.6H2); 8.76 (s, 1H,
CH=); 8.56 (d, 1H, CH-7) = 8.6H2); 8.11 (d, 2H, CH-26', J= 8.8H2); 7.62 (m, 1H, CH-6); 7.22
(d, 2H, CH-35, J = 8.8Hz); 3.88 (s, 3H, Ch). *C-NMR (CDCE): & 163.09 (C); 154.25 (CH);
142.95 (C); 138.57 (CH); 137.60 (C); 132.88 (2 CH27.23 (CH); 123.80 (CH); 123.31 (C);
115.31 (2 CH); 113.21 (C); 109.61 (C); 55.63 @HGC/MS: 278 (M+H). Anal. Calcd for
(C1sH11Ns0): C, 64.97; H, 4.00; N, 25.26. Found: C, 64.014H3; N, 25.22.

9.1.3.8. E)-2-(3H-[1,2,3]triazolo[4,5b]pyridin-3-yl)-3-( p-tolyl)acrylonitrile (8d) . Yield: 53%.
M.p. = 95-96 °C!H-NMR (DMSO-a): § 8.96 (d, 1H, CH-5J = 4.4Hz); 8.81 (d, 1H, CH-7J =
8.6 H2), 8.59 (s, 1H, CH); 7.94 (d, 2H, CH-2',8'= 8.2H2); 7.7 (m, 1H, CH-6J = 4.4Hz J= 8.6
HZ); 7.4 (d, 2H, CH-3',5) = 8.2H2); 2.46 (s, 3H, Ch). *C-NMR (CDCk): § 151.03 (CH); 144.16
(C); 142.71 (C); 139.38 (CH); 137.66 (C); 130.132); 130.01 (2 CH); 129.84 (CH); 127.85 (C);
120.94 (CH); 113.45 (C); 105.76 (C); 21.72 {HGC-MS: 262 (M+H). Anal. Calcd for
(C1sH11Ns): C, 68.95; H, 4.24; N, 26.80. Found: C, 68.984t21; N, 26.83.

9.1.3.9. E)-2-(3H-[1,2,3]triazolo[4,5b]pyridin-3-yl)-3-(4-methoxyphenyl)acrylonitrile  (8e).
Yield: 28%. M.p.: 144-145 °CH-NMR (DMSO-d): 5 8.91 (d, 1H, CH-5J = 4.9Hz); 8.76 (d, 1H,
CH-7,J = 8.2H2), 8.45 (s, 1H, CH=); 7.99 (d, 2H, CH-2',6+ 8.0H2); 7.68 (m, 1H, CH-6); 7.19
(d, 2H, CH-3',5'J = 8.0 H2); 3.88 (s, 3H, Ch). *C-NMR (CHCE): & 162.70 (C); 151.93 (CH);
145.18 (C); 139.67 (CH); 137.57 (C); 131.92 (2 CHI29.37 (CH); 123.12 (C); 120.84 (CH);
114.64 (2 CH); 113.87 (C); 103.95 (C); 55.56 EHGC/MS: 278 (M+H). Anal. Calcd for
(C15H11Ns0): C, 64.97; H, 4.00; N, 25.26. Found: C, 64.993197; N, 25.19.

9.1.3.10. E)-2-(1H-[1,2,3]triazolo[4,5<]pyridin-1-yl)-3-(4-bromophenyl)acrylonitrile  (9c).
Yield: 36%. M.p. = 169-170 °CH-NMR (CDCk): § 9.56 (s,1H, CH-4); 8.74 (d, 1H, CH-67 5.6
H2); 7.99 (s, 1H, CH); 7.88 (d, 1H, CH-J= 5.6 H2); 7.80 (d, 2H, CH-35, J = 8.4H2); 7.70 (d,
2H, CH-2,6, J = 8.4 Hz). *®*C-NMR (CDCEk): 6 146.77 (CH); 145.34 (CH); 143.44 (C); 139.34



(CH); 135.16 (C); 132.85 (2xCH); 131 (2xCH); 128.@7); 127.14 (C); 114.17 (C); 106.36 (C);
105.03 (CH). GC/MS: 326 (M+H). Anal. Calcd for(EgBrNs): C, 51.56; H, 2.47; Br, 24.50; N,
21.47. Found: C, 51.60; H, 2.51; Br, 24.52; N, 31.4

9.1.3.11. E)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-3-( p-tolyl)acrylonitrile (9d) . Yield: 51%.
M.p. = 180-181 °C!H-NMR (DMSO-d): 5 9.64 (s, 1H, CH-4); 8.74 (d, 1H, CH-6= 5.4 H2),
8.27 (s, 1H, CH); 8.1 (d, 1H, CH-J= 5.8H2); 7.92 (d, 2H, CH=J) = 7.8H2); 7.45 (d, 2H, CH=]

= 7.8H2); 2.42 (s, 3H, Ch). *C-NMR (CDCk): 6 146.86 (CH); 145.32 (CH); 143.52 (C); 143.36
(C); 141.58 (CH); 135.19 (C); 130.23 (2 CH); 129(25CH); 127.33 (C); 114.08 (C); 105.05 (CH);
104.63 (C); 21.80 (Ck. GC/MS: 262 (M+H). Anal. Calcd for (@H1iNs): C, 68.95; H, 4.24; N,
26.80. Found: C, 69.98; H, 4.21; N, 26.76.

9.1.3.12. E)-2-(1H-[1,2,3]triazolo[4,5-]pyridin-1-yl)-3-(4-methoxyphenyl)acrylonitrile (9e).
Yield: 94%. M.p.: 195-196.7°CH-NMR (DMSO-d): & 9.63 (s, 1H, CH-4); 8.73 (d, 1H, CH-b=
6.2 Hz), 8.22 (s, 1H, CH); 8.07 (d, 1H, CH-J= 6.2H2); 8.02 (d, 2H, CH=J = 8.8H2); 7.21 (d,
2H, CH=,J = 8.8H2); 3.88 (s, 3H, Ch). **C-NMR (CDC}): § 163.07 (C); 146.39 (CH); 145.26
(CH); 145.20 (CH); 144.01 (C); 141.62 (CH); 135(&%); 132.04 (2 CH); 122.61 (C); 114.99 (2
CH); 113.89 (C); 105.01(CH); 102.81 (C); 55.29 (EHGC/MS: 278 (M+H). Anal. Calcd for
(C15H11Ns0): C, 64.97; H, 4.00; N, 25.26. Found: C, 64.993197; N, 25.21.

9.1.3.13. E)-2-(1H-[1,2,3]triazolo[4,5<]pyridin-1-yl)-3-(naphthalen-2-yl)acrylonitrile  (9f ).
Yield: 43 %. M.p. = 188-189 °CH-NMR (CDCk): § 9.57 (s, 1H, CH-4); 8.74 (d, 1H, CH-6=
6.0H2); 8.33 (s, 1H, CH); 8.15 (s, 1H, CH); 8.10 (d, XH-7,J = 6.0H2); 8.01-7.57 (m, 6H, CH).
13C- NMR (CDCk): 6 146.62 (CH); 145.29 (CH); 143.42 (C); 141.22 (CHY5.28 (C); 134.90 (C);
132.96 (C); 132.21 (CH); 129.46 (CH); 128.07 (CHI28.79 (CH); 127.96 (CH); 127.48 (CH);
124.45 (CH); 114.14 (C); 113.49 (C); 105.81 (C)513 (CH). GC/MS: 298 (M+H). Anal. Calcd
for (CigH11Ns): C, 72.72; H, 3.73; N, 23.56. Found: C, 72.68380; N, 23.54.

9.1.3.14. E)-2-(2H-[1,2,3]triazolo[4,5<]pyridin-2-yl)-3-(p-tolyl)acrylonitrile  (10d) . Yield:
46.9%. M.p. = 194-195°CH-NMR (DMSO-d;): 6 9.65 (s, 1H, CH-4); 8.84 (s, 1H, CH,), 8.56 (d,
1H, CH-6.J = 5.4H2); 8.03 (d, 1H, CH-7J = 5.4H2); 8.00(d, 2H, CH-26', J = 8.8H2); 7.45 (d,
2H, CH-3,5, J = 8.8H2); 2.42 (s, 3H, Ch). *C-NMR (CDCk): 5 146.74 (C); 145.57 (CH); 144.00
(C); 143.84 (CH); 141.76 (C); 139.70 (CH); 130.260H); 129.95 (2 CH); 127.02 (C); 112.81 (C);
11.84 (CH); 110.94 (C); 21.84 (GH GC/MS: 262 (M+H). Anal. Calcd for (@H1:Ns): C, 68.95;
H, 4.24; N, 26.80. Found: C, 68.93; H, 4.27; N,726.

9.1.3.15. E)-2-(2H-[1,2,3]triazolo[4,5]pyridin-2-yl)-3-(4-methoxyphenyl)acrylonitrile (10e).
Yield: 56%. M.p.: 171-172 °CH-NMR (DMSO-d;): & 9.65 (s, 1H, CH-4); 8.83 (s, 1H, CH,), 8.55
(d, 1H, CH-6.J =6H2); 8.12 (d, 2H, CH-26', J= 8.6H2); 8.04 (d, 1H, CH-7J = 6.2H2); 7.22 (d,



2H, CH-3,5, J=8.6 Hz); 3.89 (s, 3H, Ch). *C-NMR (DMSO-@): § 163.34 (C); 146.71 (C);
145.42 (CH); 143.75 (CH); 141.73 (C); 139.32 (CH32.68 (2 CH); 122.34 (C); 115.05 (2 CH);
113.21 (C); 111.47 (CH); 109.38 (C); 55.66 {HGC-MS: 278 (M+H). Anal. Calcd for
(C15H11Ns0): C, 64.97; H, 4.00; N, 25.26. Found: C, 65.004H2; N, 25.29.

9.1.3.16. E)-2-(3H-[1,2,3]triazolo[4,5<]pyridin-3-yl)-3-(p-tolyl)acrylonitrile (11d). Yield: 16%.
M.p. = 152-153 °C*H.NMR (CDCk): 6 9.50 (s, 1H, CH-4); 8.68 (d, 1H, CH-6= 5.6 Hz); 8.06
(d, 1H, CH-7J=5.6H2); 7.96 (s, 1H, CH); 7.86 (s, 2H, CH&, J= 8H2); 7.37 (d, 2H, CH-35,

J = 8 Hz); 2.47 (s, 3H, Ch). *C-NMR (CDCk): 5 149.98 (C); 143.87 (C); 142.73 (CH); 141.91
(CH); 134.82 (CH); 130.2 (2 CH); 130.0 (2 CH); 129(C); 128.80 (C); 114.51 (CH); 113.65 (C);
104.79 (C); 21.82 (Cy). GC/MS: 262 (M+H). Anal. Calcd for (@H11Ns): C, 68.95; H, 4.24; N,
26.80. Found: C, 69.00; H, 4.26; N, 26.78.

9.1.3.17. E)-2-(1H-[1,2,3]triazolo[4,5<]pyridin-1-yl)-3-(4-methoxyphenyl)acrylonitrile (11e).
Yield: 30%. M.p. = 161-162 °CH-NMR (DMSO-d): § 9.56 (s, 1H, CH-4); 8.66 (d, 1H, CH-Bx
5.8H2), 8.33 (s, 1H, CH); 8.25 (d, 1H, CH-¥= 5.8H2); 8.04 (d, 2H, CH-26', J = 9 HZ2); 7.21 (d,
2H, CH-3,5,J=9Hz2); 3.88 (s, 3H, Ch). *C-NMR (DMSO-d): § 162.42 (C); 148.66 (C); 143.06
(CH); 141.74 (CH); 136.35 (CH); 135.43 (C); 13221CH); 128.74 (C); 122.71 (C); 114.87 (2
CH); 114.54 (C); 113.53 (CH); 105.98 (C); 55.62 (EHGC/MS = 278 (M+H). Anal. Calcd for
(C15H11Ns0): C, 64.97; H, 4.00; N, 25.26. Found: C, 65.014H3; N, 25.30.

9.2. Cytotoxicity assay

All cancer cell lines were obtained from the Gern@oilection of Microbiology and Cell Culture
(DSMZ, Braunschweig, FRG).

Human peripheral mononuclerar blood cells (P10588man pulmonary fibroblasts (P10551), and
human prostate epithelial cells (P10953) were paget from Innoprot (Derio, Spain).
Exponentially growing cells derived from human héohagical tumors - CCRF-CEM (ACC-240,
T-cell leukemia) and HL-60 (acute myeloid leukemia)ere seeded at an initial density of 1 X 10
cells/mL in 96 well plates in RPMI-1640 medium slgmpented with 10% fetal calf serum (FCS),
100 units/mL penicillin G and 100'g/mL streptomycin. Human cell lines derived fromico
tumors - HeLa (ACC-57, cervix carcinoma), DU145 @61, prostate carcinoma), MCF-7
(ACC-115, breast adenocarcinoma), A-427 (ACC-234alk cell lung carcinoma), LCLC 103H
(ACC-384, large cell lung carcinoma), DAN-G (ACC®4ancreas carcinoma), and 5637 (ACC-
35, urinary bladder carcinoma) - were also seedelk B3 cells/mL in 96 well plates in specific
media supplemented with 10% FCS and antibioticabawe. Cell cultures were then incubated at

37°C in a humidified, 5% C®atmosphere in the absence or presence of seligiods of test



compounds. Cell viability was determined after 9atI87°C by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) method.

Each test was prepared in triplicate, and the exyaits were carried out three times.skE@alues
were obtained by nonlinear regression (GraphPashPvi 6.0) and represent the concentration at

which cell growth was inhibited by 50%.

9.3. In vitro tubulin polymerization assay

The purity of tubulin was estimated to be >97% gs®oomassie Brilliant Blue stained SDS-
PAGE. Tubulin was re-suspended in a buffer comagird5 mM PIPES, 1 mM EGTA, and 3 mM
MgCl, with 1 M glutamate and was incubated without othwdifferent concentrations of title
compounds for 10 min on ice. After 10 min, 1 mM GWRBs added to the reaction mixtures, and
subsequently, the assembly kinetics of tubulin masitored at 350 nm (37 °C) for 20 min using
Spectramax M2e multi-mode microplate reader (MdeecDevices, CA, USA). Each test was run
in triplicate. The steady-state tubulin assembiyelen the absence of inhibitor was set to 100%.
ITP 1G5 values were obtained by sigmoidal fitting of steathte levels of tubulin assembly vs.
drug concentration and represent the concentrdtorb0% inhibition of the maximum tubulin

polymerization level. Three independent sets okexpents were performed.

9.4. Cell cycle analysis

To determine the effect of compoun@s and6d on the cell cycle, cells were seeded in 12-well
plates at a density of 1@ells/mL and allowed to attach for 24 h. Cells evéten incubated in the
presence or absence (DMSO) of compousciand6d at a concentration of 2M for 24 h. DMSO
was used for control. Next, cells were collectedsked and fixed in 70% ethanol in PBS at -20 °C.
After leaving overnight, the fixed cells were p&deé and stained with Propidium lodide (25
mg/ml)) in the presence of RNase A (40 mg/mL) cmiig 0.1% Triton X-100 for 30 min at 37 °C
in dark. About 10,000 events were analyzed usirfgA&SCalibur flow cytometry system (BD
BioSciences, San Jose, CA, USA). Distribution disce cell cycle was determined using the BD
FACStation Software (v. 6.1).

9.5. Preliminary determination of the dissociationconstant of compounds 6¢ to tubulin in
vitro by fluorescence spectroscopy

Tubulin was incubated in the absence and presenddf@ent concentrations of compouid for
10 min at 37 °C. Tryptophan fluorescence of tubutithe presence and absence of compdmnd

was monitored using an excitation wavelength of 88bin a 0.3 cm path length cuvette (FP-6500



spectrofluorometer JASCO, Tokyo, Japan). The diatoa constant Kfor the binding interaction
of 6¢ and tubulin was calculated by fitting the changédluorescence data using GraphPad Prism
software (v. 6.0). Three independent sets of erpats were performed.

9.6. Determination of the dissociation constant antubulin binding site of compounds (6-8)
and (9-11) by Isothermal Titration Calorimetry (ITC).

Isothermal titration calorimetry (ITC) experimentgere performed with a MicroCal PEAQ-ITC
calorimeter (Malvern, UK) at 37°C (cell volume =@8L). Thermodynamics of Tubulin/ligand
complex formation was investigated in PEM buffesadutions with 0.1 mM GDP, as stabilizer
agents. Specifically, a solution of tubulin (50ubample cell) was titrated with 19 step-by-step
injections of 2uL volume of each compound (600 |sitinge). Solutions and buffer were degassed
for 30 min at room temperature under stirring & #&m prior to each experiment. All experiments
were run in triplicate. Data acquisition and analysere performed using inbuilt Origin 7.0 to

determine the binding stoichiometry (n) and thergmaanic parameters of the binding reaction.

9.7. Molecular modeling

All simulations were carried out using tiReemd modules of Amber 16 [17], running on own
CPU/GPU calculation cluster. Molecular graphics gesmwere produced using the UCSF Chimera
package (v.1.10) [18]. Chimera is developed byRksource for Biocomputing, Visualization, and
Informatics at the University of California, SaraRcisco (supported by NIGMS P41-GM103311).
All other graphs were obtained using GraphPad P¢isré.0).

9.7.1 Docking procedure

The optimized structures of title compounds werekéd into the tubulin binding pockets using the
optimized 3D structure of the tubulin taken fronr puevious work [8]. All docking experiments
were performed with Autodock 4.2.6/Autodock Toold.6 [19] on a win64 platform. The resulting
docked conformations were clustered and visualigeeh, the structure of each resulting complex
characterized by the lowest Autodock interactioergy in the prevailing cluster was selected for

further modeling.

9.7.2. Molecular dynamics simulations
Each ligand/tubulin complexes obtained from thekduy procedure was further refined in Amber
16 using the quenched molecular dynamics (QMD) oukths previously described [see, for

example, 8, 20-22 and reference therein]. Next, kibst energy configuration of each complex



resulting from QMD was subsequently solvated byubic box of TIP3P water molecules [23]
extending at least 10 A in each direction from #wdute. The system was neutralized and the
solution ionic strength was adjusted to the phygimal value of 0.15M by adding the proper
amounts of Naand Cl ions. Each solvated system was relaxed (500 siepseepest descent
followed by 500 other conjugate-gradient minimiaatisteps) and then gradually heated to the
target temperature of 37°C in intervals of 50 pafstant volume-constant temperature (NVT)
molecular dynamics (MD) simulations (Verlet intetipa method, time step = 1.0 fs). The
Langevin thermostat was used to control temperafuoeing this phase of MD, the protein was
restrained with a force constant of 2.0 kcal/(mJ| And all simulations were carried out with
periodic boundary conditions. Subsequently, thesiigrof the system was equilibrated via MD
runs in the isothermal-isobaric (NPT) ensemblehvattime step of 1 fs. All restraints on the
protein atoms were then removed, and each systenfusther equilibrated using NPT MD runs at
37°C. Three equilibration steps were performedg4ach, time step = 2.0 fs). System stability was
monitored by the fluctuations of the root-mean-sgtaeviation (rmsd) of the simulated position of
the backbone atoms of tubulin with respect to thafséhe initial protein model. The equilibration
phase was followed by a data production run cangisif 50 ns of MD simulations in the NVT
ensemble. Data collection was performed on ovetaste20 ns of each equilibrated MD trajectory
were considered for statistical data collectior®0Ql trajectory snapshots were analyzed for each

compound/tubulin complex.

9.7.3. Free energy of binding analysis

The free energy of bindingGy and its major componentaHll, and TAS,) between the selected
compounds and tubulin was estimated by resorting the well-validated Molecular
Mechanics/Poisson-Boltzmann Surface Area (MM/PB&pproach [24] implemented in Amber
16. The per residue binding free energy decomposiiinteraction spectra) was carried out using
the Molecular Mechanics/Generalized Boltzmann Serfarea (MM/GBSA) approach [25,26], and
was based on the same snapshots used in the bineingnergy calculation.
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Highlights

We present a series of E isomers of triazolo[4,5-b/c]pyridin-acrylonitrile derivatives

All the derivates have been investigated for their antiproliferative activity
Fluorescence-based assays prove that derivatives interfere with tubulin polymerization.
Isothermal titration calorimetry provides full tubulin/compound binding thermodynamics.

In silico modelling of interactions between tubulin and the title compounds is reported



